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I. 


INTRODUCTION 


Increasing  demand  for  new  materials  has  prompted  the  use  of  composites 
for  such  applications  as  rocket  motor  cases,  helicopter  blades,  aircraft  tail 
sections,  and  ground  support  equipment.  Laminated  composite  structures  have 
merit  because  of  the  high  strength-to-weight  ratio  and  low  cost  of  manufacture. 
With  the  increasing  use  of  composites  for  structural  applications,  there  is  a 
need  for  new  methods  to  characterize  and  evaluate  composite  materials  for 
engineering  design  and  structural  analyses.  Because  of  the  nonhomogeneity  of 
laminated  composite  structures,  different  techniques  of  analysis  must  be  used. 
The  ultimate  strength  of  a  material  in  shear  and  the  shear  modulus  are  difficult 
material  properties  to  measure  experimentally.  The  difficulties  are  encountered 
in  attempting  to  create  regions  of  pure  shear  in  a  test  specimen. 

Several  different  test  fixtures  are  currently  being  used  to  measure  in¬ 
plane  shear:  the  two-rail;  three-rail;  ±45°  specimen;  and  10°  off-axis  speci¬ 
men  system  [ID.  The  three-rail  shear  test  fixture  was  selected  for  this  effort. 
Ideally,  a  state  of  pure  shear  exists  near  the  center  of  the  specimens  with 
loading  on  two  parallel  edges,  while  the  remaining  two  edges  are  stress  free. 

The  primary  objective  of  this  study  was  to  develop  a  whole-field  experi¬ 
mental  stress  analysis  method  to  investigate  composite  materials.  The  technique 
selected  was  the  optical  process  of  laser  speckle  interferometry.  Some  con¬ 
ventional  methods  of  measuring  surface  strain  and  displacements  utilize  strain 
gages,  dial  gages,  and  various  other  mechanical  and  electrical  sensing  devices. 
Therefore,  a  full  field  view  of  the  strain  or  displacement  distribution 
requires  a  large  number  of  measurements  at  different  locations  and  is  very 
time  consuming.  Laser  speckle  interferometry  is  a  technique  which  provides  a 
sensitive,  noncontact  method  of  measuring  the  in-plane  components  of  displace¬ 
ment  from  the  whole-field  point  of  view  in  an  efficient  manner. 

In  the  analytical  considerations  portion  of  this  report,  Section  III,  a 
mathematical  and  geometrical  formulation  is  presented  showing  how  displacement 
data  can  be  obtained  using  laser  speckle  interferometry.  The  displacement  data 
were  in  turn  used  to  calculate  strains,  shearing  strains,  which  were  correlated 
with  shearing  stresses.  This  correlation  allowed  the  calculation  of  anisotropic 
elastic  constants  relating  stress  to  strain.  The  resulting  equations  were  used 
to  calculate  a  portion  of  the  21  elastic  constants  of  the  anisotropic  material 
at  different  load  levels  and  locations  on  the  shear  specimen.  The  remaining 
elasticity  constants  were  obtained  from  data  of  interf erograms  of  0°  and  90° 
fiber-oriented  tensile  specimens. 

The  type  of  composite  material  selected  and  the  preparation  of  the  test 
specimens  are  discussed  in  Section  II.  The  optical  and  mechanical  setups  and 
procedures  used  to  prepare  and  analyze  interf erograms  are  described  in 
Section  IV.  Results  of  the  testing  and  analyzed  data  are  given  in  Section  V. 

II.  MATERIAL  CONSIDERATIONS 

The  type  composite  material  used  in  this  research  task  was  Scotchply 
XP-250,  a  high-strength  moldable  epoxy  E-glass  prepreg  designed  for  fast 
production  cure  cycles.  XP-250  is  a  general-purpose  grade  for  structural 


applications.  Its  primary  advantage  ever  some  other  prepreg  is  faster  curing 
at  temperatures  as  low  as  250°F  [23.  Scotchply  XP-250  was  selected  for  this 
research  project  because  Tennessee  Technological  University  performed  some 
post-crazing  stress  analyses  of  the  material  while  under  contract  to  the  US  Army 
Missile  Laboratory. 

Square  unidirectional  0-degree  panels  were  manufactured  by  the  3M  Company, 
Industrial  Specialists  Division  at  St.  Paul,  Minnesota.  The  panel  dimensions 
as  received  were  33.0  cm  X  33.0  cm  X  0.18  cm.  Each  panel  was  8  plys  thick 
with  0.23-mm  average  ply  thickness.  Resin  burnout  tests  performed  revealed  the 
panels,  as  received,  were  33  percent  resin  content  by  weight.  Figure  1  shows 
the  purity  of  the  glass  remains  after  a  typical  resin  burnout. 


Figure  1.  XP-250  resin  burnout  test. 


Shear  test  panels  were  manufactured  inhouse  to  the  finished  form  shown 
in  Figure  2.  The  specimens  were  saw-cut  2.5  mm  oversize  on  the  top  and  bottom 
edges,  and  the  final  dimensions  were  obtained  by  milling  and  sanding.  Brown 
tracers  throughout  the  material  indicated  the  fiber  orientation  in  relation  to 

a  vertical  axis.  Strain  gages  were  affixed  to  the  shear  specimens  at  45  to 

the  fiber  orientation.  The  gages  were  SR4,  120  ohm,  6.35  mm  long,  by  BLH 

Electronics,  Inc.  The  same  gages  were  used  parallel  to  the  fibers  on  the  [03g 

tensile  specimens  and  perpendicular  to  the  fibers  on  the  [903g  test  specimens. 

The  tension  test  coupons  were  manufactured  by  Sperry  Rand  Company,  Huntsville 
Division,  in  the  final  form  shown  in  Figure  3.  The  figure  shows  a  typical 
[903g  test  coupon  where  the  [03^  specimen  is  the  same  length  but  only  1.27  cm 

wide  [33.  The  ondtabs  were  made  from  [0/90],  symmetrical,  14-ply-thick  material. 
The  pi  vs  adjacent  to  the  adhesion  interface  were  parallel  to  the  specimen 
orientation.  Eastman  910  adhesive  was  used  to  affix  the  endtabs  to  the  specimens. 
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Figure  3.  XP-250  90°  tensile  specimen  (mm). 


All  the  specimens  received  a  light  coat  of  flat  white  paint  on  one  side  to 
provide  a  good  illuminable  surface  required  for  laser  speckle  interferometry. 


Ill.  ANALYTICAL  CONSIDERATIONS 


Displacement  Determination 


A  computer-aided  laser  scanning  technique  C4],  as  described  in 
Section  IV  of  this  report,  was  utilized  to  analyze  the  interferograms.  The 
inter ferograms  were  housed  in  an  X-Y  translation  table  equipped  with  stepping 
motors  and  controlled  by  a  computer  program.  Figure  4  shows  the  basic  scanning 
setup  of  the  translation  table  used  to  project  interference  fringes  onto  a 
diffusion  screen.  The  fringe  spacing  and  angle  of  orientation  at  each  coordi¬ 
nate  were  entered  into  the  computer,  which  in  turn  calculated  the  displacement 
component  in  the  0  direction  from 
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0 


mlf  s 
D 


(1) 


where 

U0  *  In-plane  displacement  at  a  point  between  loaded  and 
unloaded  model 

m  *  Fringe  order 

D  *  Spacing  between  fringes 

X  *  Wavelength  used  in  data  analysis 

f  =*  Distance  from  interferogram  to  analyzer  screen 

s  *  Film  scale  factor 


Diffraction  Halo 


Figure  5.  Diffraction  halo  geometry. 


B.  Anisotropic  Elasticity  Constants  Theory 


In  the  general  case  of  a  homogeneous  anisotropic  body  with  no  elements 
of  elastic  symmetry,  the  generalized  Hooke's  Law  can  be  expressed  in  Cartesian 
coordinates  X,  Y,  Z  and  have  the  form 


EX  =  ail°X  +  Sl2°Y  +  al 3^2  +  aluTYZ  +  al 5Txz  +  aI&T 


XY 
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The  36  coeff icients,  a^.  ,  contained  in  Equation  (4)  are  called  the  elastic 

constants  by  S.  G.  Lekhnitskii  C5D;  however,  when  assuming  three  planes  of 
elastic  symmetry,  the  generalized  Hooke's  law  becomes 
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Thus  the  elastic  potential 
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The  constants  a16,  a26»  a36»  and  345  are  equal  to  zero,  and  nine  independent 
elastic  constants  remain.  All  the  coefficients  of  mutual  influence  vanish  in 
a  coordinate  system  the  direction  of  whose  axes  coincide  with  the  principal 
directions.  The  remaining  elastic  constants  are  called  the  principal  constants 
and  can  be  expressed  in  terms  of  "technical  constants."  C5]  Taking  for  the 
principal  "technical  constants"  the  notations  ,  E2 ,  E3  (Young's  Moduli), 
g2  3»  gi 3 ,  Gj 2  (Shear  Moduli),  and  vi2»  ^21»  V13>  v31>  v2  3>  v32  (Poisson 
Coefficients),  Equations  (5)  can  be  written  in  the  form 
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C.  Determination  of  Anisotropic  Elastic  Constants 


Young's  moduli  of  elasticity  were  calculated  in  the  following  manner. 
Figure  6  shows  an  element  of  [0Ds  composite  material.  A  (0]s  fiber  orienta¬ 
tion  tensile  test  coupon  was  loaded  in  the  X-direction  to  obtain  data  required 
to  calculate  Ej  .  Allowing  o  and  o_  to  equal  zero  and  solving  Equation  (7a) 

1  Lt 

for  Ej  yields 


and 


where 


E i  =  Young's  modulus  of  elasticity 
ax  =  Stress  in  the  X-direction 
ex  =  Strain  in  the  X-direction 
Fx  =  Load  applied  in  the  X-direction 
Ay  =  Cross  sectional  area  of  test  specimen 


(9) 


(10) 
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Likewire  allowing  o  and  a  to  equal  zero  and  solving  Equation  (7b)  for  E2 

A  Lt 

y ields 


°Y 

E2  =  —  (ID 

£Y 

It  was  assumed  that  E2  =  E3  due  to  the  direction  of  the  fiber  layup,  as 
shown  by  planes  XOY  and  XOZ  in  Figures  7a  and  7b.  The  strains  used  in  the 
above  equation  were  obtained  using  conventional  strain  gages,  as  well  as  with 
laser  speckle  interferometry. 


Figure  8  shows  a  typical  interf erogram  transparency  with  the  scan 
region  encircled.  The  dots  represent  discrete  data  points  taken  from  the  inter - 
ferogram.  Three  vertical  scans  were  made  on  each  C0]g  and  (90]^  test  specimen. 

Each  vertical  scan  contained  approximately  twenty  (20)  data  points.  The  fringe 
spacing  and  angle  of  orientation  at  each  point  were  entered  into  the  computer 
which,  in  turn,  calculated  the  displacements  and  resolved  the  direction  into 
horizontal  (Y)  and  vertical  (X)  components.  Having  obtained  the  displacements, 
the  strain  field  was  calculated  using  the  following  procedure.  Figure  9  shows 
the  detailed  coordinate  grid  used  to  scan  the  interf erograms . 


The  vertical  strain  between  points  A  and  D  plus  the  horizontal 
strain  between  points  A  and  B  will  be  used  as  examples.  By  knowing  the 
displacement  at  points  A  and  D  the  deformation  per  unit  length  in  the  ver¬ 
tical  direction  becomes 


and 


where 
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=  Strain  in  the  X-direction 
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=  Distance  between  scan  points  in  the  X-direction 
=  Vertical  displacement  at  point  D 

=  Vertical  displacement  at  point  A 

=  Scaled  distance  between  points  A  and  D  on  the  inter - 
f erogram 
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Interf erogram 
Transparency 


Figure 


8.  Interf erogram  showing  the  scan  region 
of  C01  and  C90l  test  specimens. 

S  s 


becomes 


likewise  solving  for  the  horizontal  strain  between  points  A  and  B 


and 
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The  shear  moduli  of  the  composite  material  were  calculated  in  the 
following  way.  Solving  Equation  (7f)  for  Gi?  yields 


g12 


and  due  to  incremental  loading 
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Lamina  shear  modulus 
Shearing  stress 
Shearing  strain 

Applied  load 
Specimen  thickness 
Specimen  shear  length 
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It  was  assumed  that  C\2  *  G13  due  to  the  direction  of  the  fiber  layup,  as 
shown  by  planes  XOY  and  XOZ  in  Figures  7a  and  7b.  The  shearing  stress,  x^  j 

was  calculated  in  the  conventional  manner;  however,  the  shearing  strain,  y  , 

AX 

was  calculated  from  displacement  data  obtained  through  laser  speckle  inter¬ 
ferometry. 


Figure  10  shows  the  3-rail  test  fixture  and  the  computer  scan  loca¬ 
tions  on  the  shear  panels.  A  set  of  nine  (9)  data  points  was  taken  extremely 
close  to  the  free  edge  as  well  as  in  the  center  of  the  specimen.  The  free  edge 
shear  stress  should  approach  zero  and  the  maximum  shear  stress  should  occur  in 
the  region  of  the  center  scan.  Figure  11  shows  the  coordinate  grid  system  for 
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Direction  of  Load 
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Figure  10.  Computer  scan  locations  for  shear  test  panels. 


the  shear  scan  data, 
where  the  right-hand 
the  origin  always  at 
left-hand  data  to  be 
datum.  The  shearing 


The  coordinate  system  shown  is  for  a  left-hand  specimen 
specimen  would  be  mirrored  about  the  center  rail,  with 
the  outside  rail.  Using  the  mirrored  technique  allows 
directly  correlated  with  the  right-hand  data  on  the  same 
strain  y  was  calculated  in  the  following  way 


_ 

YXY  3Y  +  3X 


(18) 


and  for  small  changes 


_  ^X  .  ^Y 

yxy  ay  ax 


(19) 


where  the  changes  in  vertical  and  horizontal  displacements, 

found  in  the  same  manner  as  described  in  Equations  (13)  and 
respect  to  different  axes. 


AUX  and  AU^  , are 
(15),  but  with 


The  shear  modulus,  G23,  was  calculated  from 


g2  3 


2(1 


+  V 


(20) 


where  E  and  v  are  the  modulus  of  elasticity  and  Poisson's  ratio  for  the 
K  K 

epoxy  resin  system. 


The  Poisson's  coefficients  were  determined  from  the  displacement  data 
taken  from  laser  speckle  interferometry.  Tensile  specimens  with  [0]^  fiber 

orientation  were  used  to  find  V]2  and  V13 


v12 


(21) 


where  e  is  the  transverse  strain  and  e  is  the  longitudinal  strain.  The 

I  A 

coordinate  convention  shown  in  Figure  9  was  used  in  the  analysis.  Tensile 
specimens  with  [90Ds  fiber  orientation  were  used  to  find  v2j  and  V31 


v2i 


(22) 


where  is  the  Poisson's  coefficient  in  the  specified  directions.  The 

Poisson's  ratio  for  the  epoxy  resin  system  of  0.360  was  used  for  the  values  of 
v2 3  and  V32  due  to  the  geometry  of  the  element,  as  shown  in  Figure  6. 
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IV.  OPTICAL  TEST  SETUPS  AND  PROCEDURES 


A.  Laser  Speckle  Setup  for  Shear  and  Tensile  Tests 

The  experimental  test  arrangement  used  to  prepare  the  laser  speckle 
interf erograra  is  shown  in  Figure  12.  A  44,482-Newton-capacity  Instron  tensile 
test  machine  was  used  to  apply  incremental  loading  to  the  tensile  and  shear 
specimens  at  a  rate  of  1.3  mm/min.  A  Spectra  Physics  model  166  argon  laser 
adjusted  at  0.45  W  was  used  as  the  coherent  light  source  to  illuminate  the  test 
specimens.  A  double-exposure  photography  technique  was  used  to  make  the  inter- 
ferograms  using  Kodak  Minicard  II  film  S0424,  102  mm  x  127  mm.  This  type  film 
is  especially  green-light  sensitive.  The  interf erograms  were  developed  using 
conventional  photography  techniques. 

Figure  13  shows  the  three-rail  shear  test  fixture  used  in  determining 
the  in-plane  shear  properties.  The  three-rail  test  fixture  is  currently  being 
considered  by  ASTM  as  a  standard  test  fixture.  The  shear  panel  is  clamped 
between  the  two  outside  stationary  rails  on  the  edges  while  the  third  rail 
clamps  the  panel  at  center.  The  center  rail  is  loaded  by  the  test  machine, 
loading  the  specimen  in  shear  parallel  to  the  fibers.  The  three-rail  fixture 
is  unique  because  the  specimen  is  held  in  place  by  clamping  friction  rather 
than  by  bearing  on  the  bolts.  The  rails  have  emery  cloth  bonded  to  the  inside 
surfaces  to  aid  in  the  adhesion.  The  test  plate  holes  are  12.7  mm  in  diameter, 
as  compared  with  9 .5-mm-diameter  bolts.  Due  to  the  great  differences  in  these 
diameters  considerable  misalignment  is  possible  in  the  assembly  of  the  specimen 
in  the  test  fixture,  perhaps  with  the  middle  rail  tilted  from  vertical.  This 
would  destroy  the  equality  of  the  test  sections  on  each  side  of  the  center  rail 
in  addition  to  creating  an  oblique  loading  condition  on  the  center  rail.  To 
eliminate  this  problem,  cylindrical  spacers  the  same  diameters  as  the  shear 
test  sections  were  used  to  align  the  rails  during  the  squaring  and  bolt-up 
procedures.  Figure  14  shows  the  optics  side  of  the  experimental  mechanics 
setup.  The  argon  laser  was  located  under  the  vibration-free  table  with  the 
beam  channeled  through  a  beam-steering  device  onto  a  front  surface  mirror,  and 
finally  through  a  Spectra  Physics  332  spatial  filter  with  a  4.7-micron  diameter. 
Figure  15  shows  the  basic  instrumentation  setup  for  the  shear  testing.  The 
strain  gage  information  was  displayed  on  a  type  549  storage  oscilloscope  with 
a  type  Q  plug-in  strain  gage  preamplifier.  The  strain  gage  information  of  the 
scope  was  fed  into  a  Moseley  model  ZD-ZA  X-Y  recorder  so  that  a  permanent  copy 
could  be  obtained. 

Two  people  were  required  to  make  a  complete  set  of  interf erograms. 

One  person  was  required  on  the  optics  side  of  the  test  setup,  while  the  other 
was  stationed  on  the  instrumentation  side  of  the  test  arrangement.  The  observer 
on  the  instrumentation  side  started  and  stopped  the  tensile  test  machine  at  the 
incremental  loadings,  in  addition  to  controlling  the  remote  shutter  by  the  glow- 
lighted  panel  shown  in  the  lower  left  of  Figure  15.  A  glow  light  was  used 
above  the  strip  chart  recorder  so  that  the  observer  could  see  the  load  incre¬ 
ments.  The  complete  process  is  done  in  the  dark  with  the  exception  of  two 
glow  lights  on  the  instrumentation  side  of  the  test  setup.  The  leakage  of  any 
white  light  on  the  film  plate  will  destroy  the  interferometric  data.  The  per¬ 
son  on  the  optics  side  of  the  setup  changed  film  packs  at  each  load  increment. 
The  test  specimens  were  imaged  in  this  stepwise  fashion  due  to  the  high  sensi¬ 
tivity  of  laser  speckle. 


13.  Three-rail  shear  test  fixture 


Figure  16  shows  the  optics  required  to  prepare  interferograms  of  the 
zero-  and  ninety-degree  orientation  tensile  specimens.  An  iris  was  used  to 
allow  only  enough  filtered  laser  light  to  strike  the  specimen  to  fill  the  image 
transparency.  Figure  17  shows  the  instrumentation  side  of  the  experimental 
test  arrangement.  The  oscilloscope  and  X-Y  recorder  were  used  to  collect  strain 
data  to  correlate  with  those  obtained  through  laser  speckle. 

B.  Setup  for  Aperture  Analysis  of  Interferograms 

A  system  for  analyzing  interferograms  developed  by  Schaeffel  C6]  was 
used  to  analyze  selected  areas  on  the  shear  specimens.  Figure  18  is  a  photo¬ 
graph  of  the  aperture  analysis  system  from  the  collimated  light  at  the  right  to 
the  permanent  film  record  at  the  left.  Figure  19  is  a  sketch  of  the  system. 

An  interferogram  is  placed  in  the  parallel  light  field  produced  by  the  colli- 
mater  which  generates  an  infinite  number  of  Young's  fringe  diffraction  halos. 

At  this  point  an  aperture  can  be  placed  in  a  location  of  the  diffraction  field 
to  map  selectively  a  small  region  of  each  diffraction  halo  into  the  viewing 
plane  for  photographing  a  permanent  record.  Then  displacements  can  be  deter¬ 
mined  from  the  interpretation  of  the  fringe  patterns  from  the  following 
equation: 


r  =  (m  +  jj)  (23) 

where 

r  =  Displacement 

K  =  Interferogram  magnification  ratio 

Z 2  =  Aperture-viewing  plane  distance 

Y  =  Screen  location 

m  =  Fringe  order 

X  5  Wavelength  of  laser  light 

The  complete  development  of  Equation  (23)  can  be  found  in  Schaeffel  [6],  A 
Spectra  Physics  Model  125  He-Ne  laser  was  used  as  the  light  source  with  the 
beam  expanded  through  a  Spectra  Physics  model  332  spatial  filter  and  colli¬ 
mated  with  a  50 .8-mm-diameter  Spectra  Physics  model  336  collimater.  The  com¬ 
puter  scan  locations  shown  in  Figure  10  were  observed  at  the  free  edge  and 
center  locations  of  the  shear  specimens  using  aperture  reconstruction.  A 
typical  reconstructed  fringe  pattern  of  the  right-hand  center  scan  of  a  shear 
specimen  is  shown  in  Figure  20.  Enough  of  the  diffraction  field  is  mapped  to 
demonstrate  the  displacement  field.  The  center  column  of  fringes  is  the  dis¬ 
placement  mapping  of  the  shear  specimen.  The  direction  of  the  displacements 
is  in  a  direction  orthogonal  to  the  fringes.  The  shearing  action  is  easily 
detectable  from  the  orientation  and  curvature  of  the  center  column  of  fringes. 
The  fringe  patterns  on  each  side  of  the  center  rail  are  parallel  and  show  no 
curvature;  thus  the  displacement  is  vertical.  Any  point  on  the  film  record 
can  be  used  to  find  the  point  displacement  and  strains,  as  well  as  to  provide 
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Figure  17.  Instrumentation  setup 


Figure  20.  Reconstructed  interf erogram  of  XP-250  shear  panel. 


the  viewer  with  a  full  field  displacement  mapping.  The  full  field  mapping  is 
an  excellent  tool  for  nondestructive  testing  of  specimens  in  shear  because  it 
can  be  used  to  observe  boundary  conditions  where  strain  gaging  is  not  feasible. 
The  particular  aperture  reconstructed  interf erogram  shown  in  Figure  20  was 
loaded  from  7740  Newtons  to  9296  Newtons  with  a  delta  of  1556  Newtons- 
Appendix  C  contains  a  series  of  aperture  reconstructed  interf erograms  represent¬ 
ing  different  load  levels  as  the  shear  specimens  were  taken  to  failure. 

C .  Computer  Aided  Scanning  System 

The  data  for  the  shear  and  tensile  specimens  were  collected  by  an 
electromechanical  single  beam  speckle  interferometric  analyzer  system  as  shown 
in  Figure  21.  The  computer  aided  reduction  system  was  developed  primarily  for 
applications  in  speckle  interferometric  data  analysis  [41.  The  basic  system 
consists  of  two  parts  which  include  an  optical  display  of  interference  data 
and  the  computer  hardware  used  in  the  numerical  analysis.  The  interf erograms 
were  placed  in  a  viewing  window  of  the  X-Y  translation  table  and  illuminated 
by  a  laser  beam  which  produced  an  interference  fringe  pattern  at  a  point,  as 
shown  in  Figure  22.  The  diffraction  halo  was  centered  and  viewed  on  a  diffuser 
screen  which  included  a  25.4-cm  360-degree  protractor.  The  protractor  was  used 
to  measure  the  displacement  angle  of  the  interference  fringes.  The  displacement 
of  the  region  illuminated  by  the  laser  beam  is  inversely  proportional  to  the 
fringe  spacing  as  given  by  Equation  (1).  The  direction  of  the  displacement  is 
along  an  axis  perpendicular  to  the  fringe  orientation. 

Since  a  very  small  area  of  the  interf erogram  is  illuminated,  the  data 
yields  the  displacement  at  a  point.  Therefore,  to  obtain  a  complete  description 
or  the  surface,  mappings  of  the  regions  as  shown  in  Figures  9  and  11  were  used 
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Figure  21.  Electromechanical  single-beam  speckle 
interferometric  analyzer  system. 


Figure  22.  Typical  speckle  photography 
fringe  pattern. 


for  the  tensile  and  shear  specimens.  The  mapping  configurations  were  obtained 
by  the  X-Y  translation  table  as  shown  in  Figure  4.  The  laser  beam  passes 
through  a  point  on  the  interferogram  and  the  film  plate  is  then  translated 
relative  to  the  stationary  laser  beam.  The  X-Y  stage  has  the  capacity  to  trans¬ 
late  152  mm  in  each  direction  in  0.025-mm  increments,  with  a  0.0025-mm  reposition¬ 
ing  accuracy.  Location  of  the  desired  point  on  the  interferogram  was  controlled 
by  the  translation  stage  stepping  motors  which  were  in  turn  controlled  by  the 
computer.  The  computer  program  used  to  control  the  scan  pattern  and  calculate 
the  displacements  appears  in  Appendix  A. 


V.  RESULTS  AND  DISCUSSION 

The  test  specimen  nomenclature  for  the  tensile  specimens  was  set  up  as 
shown  in  Figure  23.  Tables  1  and  2  show  the  physical  dimensions  of  the  [0]^ 

and  [903^  tensile  test  specimens.  The  end  tab  region  averaged  8.2  mm.  The 

ply  properties  for  the  [03  tension  tests  are  summarized  in  Table  3.  The 

s 

average  values  for  Young's  modulus  of  elasticity  and  ultimate  strengths  of 
39.3  C  Pa  and  830.5  M  Pa,  respectively,  agree  well  with  the  values  of  39.3  G  Pa 
and  896.3  M  Pa  published  by  the  3M  Company  C2  3.  The  average  ultimate  strength 
of  the  specimens  was  7.3  percent  lower  than  that  obtained  by  the  3M  Company. 

The  lower  strength  could  he  due  to  the  mode  of  failure.  As  shown  in  Figure  24, 
the  "shaving  brush"  failure  is  exhibited  by  specimens  2,  3,  4,  and  5,  while 


Spec imen 


Width  (mm) 


Thickness  (mm) 


Gage  Length  (mm) 


T-0°-l -A 

12.7 

1  .87 

151.9 

T-0°-2-J 

12.9 

1  .85 

152.7 

T-0°-3-B 

12.2 

1  .83 

152.4 

T-0°-4-N 

12.7 

1.95 

151.9 

T-0°-5-E 

12.7 

1  .84 

152.4 

Mean 

12.6 

1  .87 

152.3 

Table  2.  Physical  Dimensions  of  [90]g  Tensile  Specimens 


Spec imen 

Width  (mm) 

.  - . J 

Thickness  (mm) 

Gage  Length  (mm) 

T-90°-l -A 

24.9 

1.69 

152.7 

T-90°-4-E 

25.1 

1  .61 

151.9 

T-90°-5-F 

25.4 

1.68 

152.4 

T-90°-6-A 

25.4 

1  .72 

151  .9 

T-90°-7-G 

25.1 

1.83 

151.9 

Mean 

.  .  ' 

25.2 

1.71 

152.2 

Figure  24.  The  failed  C0]g  tensile  specimens. 
(Top-to-bottom:  Specimens  1  through  5) 


specimen  1  exhibited  a  splintering  effect  and  failed  near  the  end  tab,  but  was 
not  considered  an  end  tab  failure.  An  audible  noise  occurred  on  each  [0] 

s 

tensile  specimen  which  was  accompanied  with  a  small  drop  in  the  load  and  strain 
readings  near  one-third  of  the  ultimate  load.  It  was  not  determined  whether 
the  noise  was  from  slippage  of  end  tabs  or  alignment  of  the  loading  structure 
on  the  tensile  test  machine  (Instron).  It  is  recommended  that  movie  film  be 
made  on  future  testing  of  this  nature  to  aid  in  determination  of  the  source  of 
noise.  Poisson's  ratio  determined  from  laser  speckle  interferometry  of  the 

specimens  was  0.294,  with  a  standard  deviation  of  0.017  and  a  coefficient 

of  variation  of  5.8.  The  value  varies  by  1.6  percent  with  that  obtained  by 
Smith  and  Huang.  The  displacements  obtained  from  the  C03g  specimens  through 

laser  speckle  interferometry  are  plotted  in  Figures  A-l  through  A-7  and  appear 
in  Appendix  A.  The  stress-strain  curves  for  the  [0]s  specimens  are  shown  in 

Figures  A-8  through  A-l 2. 

Five  tension  tests  were  conducted  on  unidirectional  specimens  loaded 
at  90  degrees  to  the  fiber  direction.  The  ply  properties  are  summarized  in 
Table  4.  The  average  values  for  Young's  modulus  of  elasticity  of  13.08  G  Pa 
agrees  well  with  the  value  of  12.0  G  Pa  value  obtained  by  Smith  and  Huang  [7], 
The  ultimate  strength  of  29.1  M  Pa  was  much  lower  than  52  M  Pa  obtained  by 
Smith  and  Huang  C73.  The  elastic  region,  however,  was  In  excellent  agreement. 
End  tab  failure  was  the  cause  of  the  low  ultimate  strength  as  can  be  observed 
in  Figure  25.  The  specimens  broke  either  at  the  end  tabs  or  slightly  inside 
the  end  tabs.  Specimen  4  is  the  only  one  that  had  a  failure  away  from  the  end 
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Ply  Properties  from  [903  Tension  Tests 


Figure  25.  The  failed  [90]s  tensile  specimens. 
(Top-to-bottom:  Specimens  1,  4,  5,  6,  7) 


tab.  The  displacement  versus  scan  position  is  plotted  in  Figures  A-13  through 
A-19,  and  the  stress  versus  strain  is  plotted  in  Figures  A-20  through  A-24  and 
appear  in  Appendix  A. 

The  nomenclature  code  for  the  shear  test  specimens  is  shown  in  Figure  26. 
The  free  edge  and  center  scan  displacement  data  obtained  through  laser  speckle 
interferometry  for  shear  specimen  7  is  shown  in  Tables  B-l,  B-2,  and  B-3.  Each 
table  presents  the  displacements  resolved  into  horizontal  and  vertical  directions 
at  different  load  levels  and  at  specified  coordinates.  The  minus  signs  on  the 
displacements  designate  the  direction  and  are  not  to  be  interpreted  as  negative 
values.  The  displacements  were  used  to  calculate  strains  and  shear  strains. 

The  shear  strains  versus  scan  position  are  plotted  for  the  different  load 
levels  of  specimen  7  in  Figures  B-l,  B-2,  and  B-3.  The  displacement  data 
from  the  left-hand  side  of  shear  specimen  8  are  presented  in  Tables  B-4,  B-5, 
and  B-6.  The  data  are  presented  for  free  edge  as  well  as  center  scan  for 
the  coordinate  positions  shown  in  Figures  10  and  11.  The  shear  strains  versus 
scan  positions  are  plotted  in  Figures  B-4,  B-5,  and  B-6.  The  right-hand 
displacement  data  for  specimen  8  is  presented  in  Tables  B-7,  B-8,  and  B-9, 
while  the  shear  strains  versus  scan  position  data  are  presented  in  Figures  B-7, 
B-8,  and  B-9. 

Laser  speckle  interferometry  allowed  data  to  be  analyzed  at  any  point  of 
interest  in  the  stress  field.  This  technique  allowed  indepth  observation  of 
such  areas  as  the  free  edge  of  the  shear  specimen.  The  work  performed  in  this 
project  showed  that  there  were  displacements  in  both  the  horizontal  and  vertical 
directions  which  yield  some  strain  in  both  directions  as  well  as  shearing  strain. 
As  expected,  the  shearing  strain  increased  as  the  data  were  taken  farther  away 
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Figure  26.  Shear  test  specimen  nomenclature. 


from  the  free  edge,  but  was  not  linear;  however,  the  shearing  strains  became 
more  constant  at  locations  closer  to  the  center  rail.  The  shear  moduli 
decreased  as  the  total  load  increased,  which  yields  an  increasing  shear  strain 
coupled  with  increased  loading,  thus  confirming  the  nonlinear  characteristics 
of  the  material.  The  shear  modulus,  at  different  locations  on  the  speci¬ 

men  and  load  increments,  is  presented  in  Table  5.  A  plot  of  the  shear  moduli 
taken  at  the  same  scan  point  but  at  different  load  ranges  is  presented  in 
Figure  B-10. 


VI.  SUMMARY  AND  CONCLUSIONS 

A  whole-field  experimental  stress  analysis  method  was  developed  to  inves¬ 
tigate  the  behavior  of  composite  laminates.  The  method  employed  was  the  photo¬ 
mechanical  technique  of  laser  speckle  interferometry.  Interferograms  were  pre¬ 
pared  of  CO]  and  C90]  tensile  specimens  deformed  under  load.  The  inter- 
s  s 

ferograms  were  analyzed  with  a  computer-aided  optics  system  to  obtain  displace¬ 
ment  fields.  The  resulting  displacement  data  were  used  to  calculate  strains 
which  were  correlated  with  stresses.  The  stress  correlation  allowed  anisotropic 
elastic  constants  such  as  the  moduli  of  elasticity,  Poisson's  ratio,  and  shear 
modulus  to  be  calculated.  The  results  were  in  good  agreement  with  data  in  the 
literature  and  the  auxiliary  strain  gage  system.  The  analytical  and  geometric 
techniques  of  obtaining  anisotropic  elastic  constants  from  the  full  field  dis¬ 
placements  through  laser  speckle  interferometry  were  presented  in  detail. 

Zero-degree  unidirectional  shear  specimens  were  analyzed  using  the  three- 
rail  shear  test  fixture.  Displacement  data  were  taken  at  the  free  edge  of  the 
shear  specimens  where  it  is  inconvenient  to  apply  strain  gages.  Data  were  also 
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analyzed  in  the  center  section  of  the  specimen  where  the  maximum  amount  of 
strain  should  occur.  The  displacement  data  from  different  load  ranges  were 
used  to  calculate  strains,  shearing  strains,  which  were  correlated  with  shear¬ 
ing  stresses.  The  shear  modulus  was  calculated  from  laser  speckle  data  and 
agreed  well  with  work  performed  with  strain  gages.  It  is  recommended  that 
the  techniques  be  improved  to  produce  interf erograms  with  less  exposure  time, 
perhaps  a  pulsed  laser  light  source,  to  avoid  the  delay  associated  with  incre¬ 
mental  loading. 

The  techniques  of  laser  speckle  interferometry  and  aperture  analysis 
were  both  found  effective  in  obtaining  the  displacement  and  strain  fields. 

The  techniques  can  be  used  quantitatively  by  technical  investigators  to  obtain 
discrete  data,  as  well  as  qualitatively  by  less  technical  personnel  on  a  non¬ 
destructive  evaluation  basis.  The  foremost  advantage  of  using  laser  speckle 
interferometry  as  a  whole-field  experimental  stress  analysis  method  is  that 
the  investigator  obtains  full-field  information  rather  than  average  data  from 
small  regions.  It  is  recommended  that  this  technique  be  expanded  to  include 
analysis  of  a  wide  range  of  composite  materials  with  different  geometrical 
conf igurat ions . 
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Figure  A-l .  Displacement  versus  scan  position  (T-0°-l-A-2) 
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Figure  A-4.  Displacement  versus  scan  position  (T-0  -2-K-3)  . 
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Figure  A- 1 3 .  Displacement  versus  scan  position  (T-90°-l -A-l ) . 
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Figure  A-14.  Displacement 
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Figure  A-16.  Displacement  versus  scan  position  (T-90  -4-E-2) . 
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Figure  A— 1 7 .  Displacement  versu  -  scan  position  (T-90  -5-F-2) 
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Figure  A-18. 


Displacement  versus  scan  position 


(T-90°-6-A-2) . 


70 


Disp 


Scan  Position  -  X  Direction  (cm) 


Figure  A-19.  Displacement  versus  scan  position  (T-90°-7-G-2) . 
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Figure  A-21 .  Stress  versus  strain  (T-90°-A) 
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Figure  A-22.  Stress  versus  strain  (T-90°-5) . 
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Figure  A-23.  Stress  versus  strain  (T-90°-6), 
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PROGRAM  FUNCTION-  t not 

rf"*  b«sls,  c. 

of  X-Y  translation  stage.  ^placements,  translation 

INPUT: 


OUTPUT: 


U  St88e  to  be  tranced  -  either  X  n< 

2>  Stage  increment  .  X-M«ctlo„  or  Y-I-irectlon. 

points.  translation  table  „oves  „etvee» 

3)  Film  scale  factor  -  * 

Interferograra.  °f  real  object  to  image  on 

4>  DisPlace®ent  -  distance  between  frin 

of  orie„tstio„  o^ 

n~«-  _ 


Data  are  pr*nted  ^  a  decwriter . 


m'<*’200) 

wKlT£f5,l> 

,  «°ITE(5.2)I',NU''L  r°UNG  Ff;I»<eE  ANALYZER '  > 

T0  *E  ARVANceb,  (0=x, , 

3  format  < 1 1 ) 

WRIT£<5,4) 

Hem?Hs>S%bf-  2ncr«ent?', 

5  FORMAT (14) 

WRITE<5*6) 

6  FORMAT  C '  FILM  Wfii  r  r- 
READ<5,7>  SF  SCALE  FACT°K?'> 

7  FORMAT <F 10.0) 

ICC=0 

8  ICC=ICC+1 
ICP=ICC-1 
WRITE <5f  9) 

R°AD(5,<7)DDSPLACEMENT?/> 

..  WFIT E(5,10) 

10  F8RmAT<'  ANGLE7 ' i 
REAI)<5>  7)  a 
A==A*3. 14159/180. 

iFfn'f?'^  G07°  13 

ii  1^,LT,0>  G°™  15 

U»SF/D 

U1=U*C0S(A> 

U2=U*SIN<A> 

h=float<<icc-,,»IC)*,ooi 


plgnre  A-25.  Computer  code. 
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WRITE(5»  11 )  H » U » LI  .1  ,  U2 

11  FORMAT ( 3H  H=,F10.3,5X,2HL/=,F12.6» 
13HU1=,F12.6,5X,3HU2=,F12.6> 

12  DD< 1 » ICC)=U1 
DDL  2, ICC)~U2 
GOTO  14 

13  DD ( 1 , ICC ) =0 . 

DD(2»ICC>=0. 

14  IF(IA.EQ.l)  CALL.  YAOV(ZCrS) 

IF  < IA . EQ . 0  >  CALL.  XADU<IC,5> 

GOTO  8 

15  ICC=(1-ICC)*IC 
IF<IA.EG.1>  CALL  YADU<ICC,5> 
IF(IA.EQ.O)  CALL  XADV<ICC,5> 

WRITE  <  5 , 1 6  > 

16  FORMAT ( '  ANALYSIS  ENDED') 

STOP 

END 

SUBROUTINE  YADV ( IS, IR ) 

C  IS=NO.  STEPS  <+=FWI',-=REU> 

C  IR-ADVANCE  RATE  OF  STAGE 

x=o . 

IF<IS.G7.0>  GOTO  3 
IP=IABS(IS> 

DO  2  1=1, IP, 1 

CALL  IPOKE <  *  167772 , * 020000 ) 

DO  7  K=1»IR»1 

7  Y=SIN(X) 

CALL  IPOKE < '167772,  *000000) 

DO  1  J=1 » IR ,  1 

1  Y=SIN<X) 

2  CONTINUE 
GOTO  6 

3  CONTINUE 

DO  5  I 1=1, IS, 1 

CALL  IPOKE ( *167772, *010000) 

DO  8  KK=1 , IR , 1 

8  Y=SIN<  X ) 

CALL  IPOKE <  *167772,  *000000  > 

DO  4  JJ=1 , IR , 1 

4  Y=SIN<  X ) 

5  CONTINUE 

6  CONTINUE 
RETURN 
END 


Figure  A-25.  (Continued). 
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SUBROUTINE  XADL'<IS»IR) 

IS~NO  •  STEPS  <+=FWD,-=REV) 
IR=ADUANCE  RATE  OF  STAGE 
X=0 . 

IF(IS.GT.O)  GOTO  3 
IF'=IAE<S  (IS) 

DO  2  1=1, IP, 1 

CALL.  I  POKE  C  ’  167772 ,  *100000) 
DO  7  K-l » IR f 1 
Y=SIN  <  X ) 

CALL  IPOKE<  *167772, *000000) 
BO  1  J=1 » IR » 1 
Y=SIN ( X ) 

CONTINUE 

GOTO  6 

CONTINUE 

DO  5  11=1, IS, 1 

CALL  IF‘OKE<  *167772,  *040000) 

DO  8  KK  =  1 ,  IR ,  1 

Y=SIN( X ) 

CALL  IPOKE(  *167772,  *000000) 
DO  A  JJ  =  1 ,  IR ,  1 
Y=SIN ( X ) 

CONTINUE 

CONTINUE 

RETURN 

END 


Figure  A-25.  ( Concluded) . 
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Interferometry  (S-G°-8-R) 
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Table  B-l.  Displacement  Data  (pcm)  from 
Laser  Speckle  Interferometry 


SHEAR 

SPECIMEN 

S-0e7-L 

Load  Range:  2359-4139 

Newtons 

Free 

Edge  Scan 

A 

B 

C 

u 

Row  1  v 

4156 

-7  3 

5500 

-144 

5846 

-51 

D 

E 

F 

Row  2  V 

4154 

4796 

5053 

yH 

-145 

-84 

-177 

G 

H 

I 

u 

Row  3  V 

3724 

4548 

5180 

UH 

-359 

-358 

-408 

Center  Scan 


R  o  w  1 

U 

V 

u 

H 

A 

B 

C 

3856 

-1290 

4557 

-1052 

4895 

-1266 

D 

E 

F 

uv 

3821 

4043 

4806 

Row  2 

V 

(J 

-1391 

-1314 

-1066 

H 

G 

H 

1 

U 

4066 

4644 

5263 

R  o  w  3 

V 

u 

-1243 

-1201 

-928 

H 

84 


Table  B-2.  Displacement  Data  (ycm)  from 
Laser  Speckle  Interferometry 


SHEAR 

SPECIMEN 

o 

O 

1 

W 

-7-L 

Load  Range:  9345-1  1 

125  Newtons 

Free 

Edge  Scan 

A 

B 

C 

Row  1 

U 

V 

3379 

4134 

5028 

UH 

385 

435 

529 

D 

E 

F 

R  o  w  2 

“v 

3282 

3975 

5053 

u 

H 

229 

208 

177 

G 

H 

1 

R  o  w  3 

U 

V 

3114 

3978 

5055 

166 

139 

88 

Center  Scan 

A 

B 

C 

R  o  w  1 

u 

V 

3349 

3713 

5157 

u 

H 

-591 

-456 

-633 

D 

E 

F 

R  o  w  2 

uv 

3038 

3797 

5012 

u 

H 

-701 

-399 

-660 

G 

H 

I 

R  o  w  3 

U 

V 

3101 

5033 

5494 

u 

H 

-659 

-485 

-288 

85 


Table  B-3 .  Displacement  Data  (ucm)  from 
Laser  Speckle  Interferometry 


SHEAR 

SPECIMEN 

s-o° 

-7-L 

Load  Range:  16,243 

-18,023  Newtons 

Free 

Edge  Scan 

A 

B 

C 

Row  1 

U 

V 

3011 

3968 

4744 

UH 

807 

312 

709 

D 

E 

F 

R  o  w  2 

uv 

3020 

3771 

5324 

UH 

533 

597 

466 

G 

H 

I 

R  o  w  3 

°V 

2953 

3727 

51S0 

UH 

310 

326 

408 

Center  Scan 

A 

B 

C 

R  o  w  1 

u 

V 

3315 

4134 

6020 

u 

H 

-407 

-435 

-421 

D 

E 

F 

R  o  w  2 

uv 

2894 

4437 

5814 

u 

H 

-407 

-388 

-611 

G 

H 

I 

R  o  w  3 

U 

V 

3216 

4443 

5492 

u 

H 

-654 

-311 

-336 

86 


Table  B-4.  Displacement  Data  (ycm)  from 
Laser  Speckle  Interferometry 


SHEAR  SPECIMEN 

s- 

1 

00 

o 

o 

Load  Range:  2359-4116 

Newtons 

Free  E  d  g 

e  S  c  a  n 

A 

B 

C 

Row  1 

uv 

4126 

4134 

5461 

UH 

-506 

-435 

-b7 1 

D 

E 

- p - 

Row  2 

“v 

4566 

4708 

4493 

-1012 

-915 

-792 

G 

H 

I 

Row  3 

uv 

4463 

4574 

5382 

UH 

-949 

-972 

-1144 

Center 

Scan 

A 

B 

C 

R  o  w  1 

u 

V 

4587 

5339 

5684 

u 

H 

-1402 

-1331 

-1365 

D 

E 

F 

R  o  w  2 

°v 

4611 

5534 

6088 

u 

H 

-1322 

-1227 

-1350 

G 

H 

I 

Row  3 

U 

V 

4969 

5488 

6310 

UH 

-1519 

-1419 

-1341 

87 


Table  B-5.  Displacement  Data  (ucm)  from 
Laser  Speckle  Interferometry 

SHEAR  SPECIMEN 


s-o° 

-8-L 

Load  Range:  7654-9345 

Newtons 

— 

Free  Edg 

e  S  c  a  n 

A 

B 

C 

Row  1 

U 

V 

3147 

3442 

4440 

UH 

386 

392 

350 

D 

E 

P 

R  o  w  2 

“v 

3396 

3739 

4676 

u 

H 

178 

131 

82 

G 

H 

I 

Row  3 

U 

V 

3400 

3739 

4676 

89 

131 

41 

Center 

Scan 

‘V 

B 

C 

Row  1 

u 

V 

3741 

3815 

4793 

u 

H 

65 

133 

167 

D 

E 

F 

Row  2 

U 

V 

3116 

3739 

4674 

u 

H 

-109 

-131 

-163 

G 

H 

I 

R  o  w  3 

U 

V 

3398 

3897 

4672 

U 

H 


Table  B-6.  Displacement  Data  (ycm)  from 
Laser  Speckle  Interferometry 


S-0  -8-L 


SHEAR  SPECIMEN 

Load  Range:  12,905-14,685  Newtons 


:ree  Edge  Scan 


B  C 


Row  1 

U 

V 

3261 

4015 

4724 

UH 

966 

1076 

833 

D 

E 

F 

Row  2 

“v 

3375 

3720 

4518 

u 

H 

779 

859 

635 

G 

H 

I 

Row  3 

uv 

3122 

3776 

4537 

UH 

551 

564 

477 

Center 

Scan 

A 

B 

C 

R  o  w  1 

u 

V 

2878 

3401 

4796 

u 

H 

-50 

-30 

-42 

D 

E 

F 

Row  2 

°v 

3170 

3741 

4797 

u 

H 

-28 

-33 

0 

G 

H 

I 

R  o  w  3 

U 

V 

3401 

4249 

4562 

u 

H 

-30 

148 

80 

Table  B-8 .  Displacement  Data  (pern)  from 
Laser  Speckle  Interferometry 


SHEAR 

SPECIMEN 

s- 

-0  °  -8-R 
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Table  B-9.  Displacement  Data  (ycm)  from 
Laser  Speckle  Interferometry 
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Scan  Position  -  Y  Direction  (cm) 


Figure  B-l.  Shear  strain  versus  scan  position  (S-0  -7-L) 
Load  Range:  (2359-4139)  Newtons 
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lqure  B-4.  Shear  strain  versus  scan  position  (S-0°-8-L) 
Load  Range:  (2359-41 16)  Newtons 
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Figure  B-5.  Shear  strain  versus  scan  position  (S-0°-8-L) 
Load  Range:  (7654-9345)  Newtons 


Fiqure  B-8.  Shear  strain  versus  scan  position  (S-0°-8-R) 
Load  Range:  (7654-9345)  Newtons 
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Figure  B-10.  Shear  Modulus  versus  load  (S-0 

center  scan. 
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Figure  C-l.  Shear  test  specimen  (S-0°-5-L-F) 
Load  Range:  (1914-4228)  Newtons 
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Fiqure  C-2.  Shear  test  specimen  (S-0  -5-R-F) 
Load  Rancje  :  (193  4 -4  228)  Newtons 
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Figure  C-3.  Shear  test  specimen  (S-0  -5-L-C) 
Load  Range:  (1914-4228)  Newtons 


Figure  C-4.  Shear  test  specimen  (S-0° -5-R-c) 
Load  Range:  (1914-4228)  Newtons 


Figure  C-5.  Shear  test  specimen  (S-0°-6-L-C) 
Load  Range:  (623-2537)  Newtons 


Figure  C-6.  Shear  test  specimen  (S-0C -6 -R-C) 
Load  Range:  (623-2537)  Newtons 


Figure  C-7.  Shear  test  specimen  (S-0°-6-L-C) 
Load  Range:  (2537-4228)  Newtons 
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Figure  C-8.  Shear  test  specimen  (S-0  -6-R-C) 
Load  Range:  (2537-4228)  Newtons 
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Figure  C- 9.  Shear  test  specimen  (S-0°-6-L-C) . 
Load  Range:  (4228-5874)  Newtons 


Figure  C-10.  Shear  test  specimen  ( S -0° -6 -R-C)  . 
Load  Range;  (4228-5874)  Newtons 


Fiqure  C-12.  Shear  test  specimen  (S-o° -6-R-C) 
Load  Range:  (5874-7743)  Newtons 


Figure  C-15.  Shear  test  specimen  (S-0° -7-L-F) 
Load  Range:  (2359-4139)  Newtons 


Figure  C-16.  Shear  test  specimen  (S-0°-7-R-F) 
Load  Range:  (2359-4139)  Newtons 


Figure  C-17.  Shear  test  specimen  (S-O^-T-L-C) 
Load  Range:  (2359-4139)  Newtons 


Finure  C-18.  Shear  test  specimen  (S-C° -7-R-C) 
Load  Range:  (2359-4119)  Newtons 


Figure  C-19.  Shear  test  specimen  (S-O0 -7-L-F) . 
Load  Range:  (5874-7565)  Newtons 


Figure-  >-'-20.  Shear  test  specimen  (S-0°  -7-R-F)  . 
Load  Range:  (5874-7565)  Newtons 


Figure  C-2 1.  Shear  test  specimen  (S-0°-7-L-C) 
Load  Range:  (5874-7565)  Newtons 


Figure  <"-22.  Shear  test  specimen  (r.-o° -7-R-C) 
Load  Fame:  (5874-7565)  Newtons 
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Figure  C-23.  Shear  test  specimen  (S-0° -7-L-F) 
Load  Range:  (9345-11,125)  Newtons 


Fioure  C-24.  Shear  test  specimen  (S-O  -7-R-F) 
Load  Range:  (9345-11,125)  Newtons 


Figure  C-25.  Shear  test  specimen  (S-O* -7-L-C) 
Load  Range:  (9345-11,125)  Newtons 


Figure  C- 26.  Shear  test  specimen  (S-0° -7-R-C) 
Load  Range:  (9345-11,125)  Newtons 


Figure  C-27.  Shear  test  specimen  (S-0°-7-L-F) 
Load  Range:  (12,683-14,552)  Newtons 


Figure  <’-28.  Shear  lest  specimen  (S-0°-‘'-;:-F) 
Load  Range:  (12,683-14,552)  Newtons 


Figure  C-29.  Shear  test  specimen  (S-0°~7-L-C) 
Load  Range:  (12,683-14,552)  Newtons 
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Figure  C-30.  Shear  test  specimen  (S-0° -7-R-C) , 
Load  Range:  (12,683-14,552)  Newtons 


Figure  C-32.  Shear  test  specimen  (S-0° -7-R-F) 
Load  Range:  (16,243-18,023)  Newtons 
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Figure  C-35.  Shear  test  specimen  (S-0  -8-L-F) . 
Load  Range:  (2359-4116)  Newtons 


Figure  C-36.  Shear  test  specimen  (S-0°-8-R-F) . 
Load  Range:  (2359-4116)  Newtons 
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Figure  C-37 .  Shear  test  specimen  (S-0°-8-L-C) 
Load  Range:  (2359-4116)  Newtons 


Figure  C-38.  Shear  test  specimen  (S-0°-8-R-C) 
Load  Range:  (2359-4116)  Newtons 


Fiqure  C-40.  Shea1-  test  specimen  (S-0’~8  R-F)  . 
Load  Ranqe:  (5896-7654)  Newtons 
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Figure  C-41.  Shear  test  specimen  (S-0  -8-L-C) 
Load  Range:  (5896-7654)  Newtons 


Figure  C- 42.  Shear  test  specimen  (S-0° -8-R-C) 
Load  Range:  (5896-7654)  Newtons 
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Figure  C-47.  Shear  test  specimen  (S-0°~8-L-F) 
Load  Range:  (11,125-12,905)  Newtons 


Figure  C-48.  Shear  test  specimen  (S-0°-8-R-F) 
Load  Range:  (11,125-12,905)  Newtons 


Figure  C- 49.  Shear  test  specimen  (S-0°-8-L-C) . 
Load  Range:  (11,125-12,905)  Newtons 


Figure  C-50.  Shear  test  specimen  (S-0° -8-R-C) . 
Load  Range:  (11,125-12,905)  Newtons 


Figure  C-51.  Shear  test  specimen  (S~0° -8-L-F) 
Load  Range:  (12,905-14,685)  Newtons 


Figure  C-52.  Shear  test  specimen  (S-0°-8-R-F) 
Load  Range:  (12,905-14,685)  Newtons 


Figure  C-53.  Shear  test  specimen  (S-0°-8-L-C) 
Load  Range:  (12,905-14,685)  Newtons 
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